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The reaction e+e− → ¯ is investigated for energies close to the threshold. Speciﬁc emphasis is put on 
the role played by the interaction in the ﬁnal ¯ system which is taken into account rigorously. For that 
interaction a variety of ¯ potential models is employed that have been constructed for the analysis of 
the reaction p¯p → ¯ in the past. The enhancement of the effective form factor for energies close to the 
¯ threshold, seen in pertinent experiments, is reproduced. Predictions for the  electromagnetic form 
factors GM and GE in the timelike region and for spin-dependent observables such as spin-correlation 
parameters are presented.
© 2016 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.1. Introduction
The electromagnetic form factors (EMFF) of the nucleon in the 
timelike region have been studied intensively over the last few 
years, see the recent review [1]. Information on these quanti-
ties is accessible in the p¯p annihilation process p¯p → e+e− [2], 
and likewise in the reactions e+e− → p¯p and e+e− → n¯n from 
where most of the recent data emerged [3,4] and where exper-
imental efforts continue [5–7]. New experiments for p¯p → e+e−
are in planning [8]. One particular feature that attracted wide at-
tention was the observation of a strong enhancement of the pro-
ton EMFFs close to the p¯p threshold, i.e. at momentum transfers 
q2  (2Mp)2. This behavior was ﬁrst detected in the PS170 ex-
periment [2], in a measurement of p¯p → e+e− at the CERN Low 
Energy Antiproton Ring (LEAR), and conﬁrmed in recent years in 
experiments with high mass resolution by the BaBar collaboration 
for the time-reversed process e+e− → p¯p [3,4]. The majority of 
theoretical studies [9–16] attributed this strong enhancement to 
effects of the p¯p interaction in the ﬁnal state. This ﬁnal state inter-
action (FSI) enhances the near-threshold e+e− → p¯p cross section 
as compared to the phase space and, in turn, yields (effective) pro-
ton EMFFs that peak at the threshold and then fall off rapidly with 
increasing energy. Reﬁned calculations of the e+e− → p¯p cross 
section (and/or EMFFs) like the one performed by us [14] yield 
results that are in excellent agreement with the near-threshold 
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SCOAP3.data. The study in Ref. [14] relies on a formally exact treatment 
of the effects from the p¯p interaction in the ﬁnal state, and uti-
lizes N¯N potentials constructed in the framework of chiral effective 
ﬁeld theory [17] and ﬁtted to results of a partial wave analysis of 
p¯p → p¯p and p¯p → n¯n scattering data [18].
In the present paper we take a look at the electromagnetic form 
factors in the timelike region of another baryon, namely those of 
the  hyperon. In this case much less measurements have been 
published [19–22] (and with signiﬁcantly lower mass resolution) 
and there are only few theoretical studies [11,13,23,24]. Anyway, 
the available data suggest that the  form factor exhibits a near-
threshold behavior very much similar to that of the proton [20]. 
Therefore, it is interesting to see whether we can reproduce that 
property within the same framework we have set up and em-
ployed successfully to the proton form factor [14]. Another and 
equally important motivation for our study is ongoing pertinent 
experiments by the BESIII collaboration at the BEPCII e+e− col-
lider in Beijing. In this experiment, the self-analyzing character of 
the weak decay  → pπ− will be exploited so that it is possible 
to determine also the polarization as well as spin-correlation pa-
rameters for the reaction e+e− → ¯ [22,25]. Those observables 
allow one to determine not only the (effective) form factor but also 
the relative magnitude of the two electromagnetic form factors GM
and GE and even the phase between them [1,24]. Within our ap-
proach we can make predictions for those observables.
Our calculation for e+e− → ¯ is done in complete analogy 
to the one for e+e− → p¯p [14]. However, unlike the situation for 
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fact, there is no direct information about the ¯ force at all. The 
only constraints one has for that interaction come from studies 
of FSI effects performed for another reaction, namely p¯p → ¯. 
This particular p¯p annihilation channel has been thoroughly in-
vestigated in the PS185 experiment at LEAR. Data are available 
(down to energies very close to the reaction threshold) for total 
and differential cross-sections but, thanks to the aforementioned 
self-analyzing weak  decay, also for spin-dependent observables 
[26–29]. In the present investigation we will resort to ¯ mod-
els that have been developed for the analysis of those PS185 data 
by us in the past [30–33]. Clearly, that introduces unavoidably a 
model dependence into our e+e− → ¯ results. But at the present 
stage we rather view that as an advantage than a drawback. Con-
sidering various ¯ models, as we do here, allows us to shed light 
on the following questions: (1) which of the e+e− → ¯ observ-
ables and, accordingly, which properties of the  EMFFs are only 
weakly inﬂuenced by detailed aspects of the ¯ interaction and, 
thus, can be established as being practically model-independent; 
(2) which quantities show a more pronounced sensitivity to vari-
ations of the ¯ interaction and, therefore, could provide useful 
information for pinning down the ¯ force more reliably in the 
future.
The paper is organized as follows: In Sect. 2 we describe brieﬂy 
the employed formalism and in Sect. 3 we summarize the proper-
ties of the ¯ potential models used in the calculations. Numer-
ical results for the e+e− → ¯ reaction are presented in Sect. 4. 
We show results for observables such as total and differential cross 
section but also for spin-dependent quantities like the polarization 
and the spin-correlation parameters. In addition, our predictions 
for the electromagnetic form factors GM and GE are presented. The 
paper closes with a summary.
2. Formalism
Our formalism for the reaction e+e− → ¯ is identical to 
the one developed and described in detail in Ref. [14] for the 
e+e− → p¯p case. Therefore, we will be very brief here and de-
ﬁne only the main quantities. We adopt the standard conventions 
so that the differential cross section for the reaction e+e− → ¯
is given by [1]
dσ
d
= α
2β
4s
[
|GM(s)|2 (1+ cos2 θ) + 4M
2

s
|GE(s)|2 sin2 θ
]
. (1)
Here, α = 1/137.036 is the ﬁne-structure constant and β = k/ke
a phase-space factor, where k and ke are the center-of-mass 
three-momenta in the ¯ and e+e− systems, respectively, related 
to the total energy via 
√
s = 2
√
M2 + k2 = 2
√
m2e + k2e . Further, 
M (me) is the  (electron) mass. GM and GE are the magnetic 
and electric form factors, respectively. The cross section as written 
in Eq. (1) results from the one-photon exchange approximation and 
by setting the electron mass me to zero (in that case β = 2k/√s). 
We will restrict ourselves throughout this work to the one-photon 
exchange so that the total angular momentum is ﬁxed to J = 1
and the e+e− and ¯ system can be only in the partial waves 3 S1
and 3D1. We use the standard spectral notation (2S+1)L J , where S
is the total spin and L the orbital angular momentum. The ten-
sor coupling between these two states is taken into account in our 
calculation.
The integrated reaction cross section is readily found to be
σe+e−→ ¯ =
4πα2β
3s
[
|GM(s)|2 + 2M
2

s
|GE(s)|2
]
. (2)Another quantity used in various analyses is the  effective 
form factor Geff which is deﬁned by
|Geff(s)| =
√√√√√ σe+e−→ ¯(s)4πα2β
3s
[
1+ 2M2s
] . (3)
The spin-dependent observables such as the polarization P and 
the spin-correlation parameters Cij are calculated within the for-
malism used in our study of p¯p → ¯. Explicit expressions can 
be found in the Appendix of Ref. [32] based on the general param-
eterization of the spin-scattering matrix for spin-1/2 particles [34]. 
Expressions for these spin-dependent observables in terms of the 
form factors GM and GE can be found in Ref. [24], see also [35,36].
3. The ¯ interaction
As already said in the Introduction, the N¯N interaction needed 
for studies of FSI effects on the timelike electromagnetic form 
factor of the proton is fairly well established. There is a wealth 
of empirical information on the elastic ( p¯p → p¯p) and charge-
exchange ( p¯p → n¯n) reactions from direct scattering experiments 
and there is also a partial-wave analysis available [18]. Thus, for 
our own investigation we could build on a N¯N potential derived 
within chiral effective ﬁeld theory, ﬁtted to the results of the 
PWA [17]. The situation for the ¯ is very different, speciﬁcally in 
this case scattering experiments are impossible. Indeed, the only 
constraints we have for the ¯ force come from the FSI in the 
reaction p¯p → ¯. This reaction has been thoroughly studied in 
the PS185 experiment and data are available for total and differen-
tial cross-sections but also for polarization (P ) and spin-correlation 
parameters (Cij) [26,27,29], down to energies very close to the re-
action threshold, see also the review in Ref. [28].
The reaction p¯p → ¯ has been analyzed in various model 
studies, where the strangeness production process is described ei-
ther in terms of the constituent quark model [37–39] or by the 
exchange of strange mesons [30,32]. In the Jülich meson-exchange 
model the hyperon-production reaction is considered within a 
coupled-channel approach. This allows one to take into account 
rigorously the effects of the initial ( p¯ p) and ﬁnal (¯) state inter-
actions. The microscopic strangeness production process and the 
elastic parts of the interactions in the p¯p and ¯ systems are 
described by meson exchanges, while annihilation processes are 
accounted for by phenomenological optical potentials. To be spe-
ciﬁc, the elastic parts of the p¯ p and ¯ interactions are G-parity 
transforms of an one-boson-exchange variant of the Bonn NN po-
tential [40] and of the hyperon–nucleon model A of Ref. [41], 
respectively. The parameters of the p¯p annihilation potential are 
ﬁxed by an independent ﬁt to p¯p data in the energy region rele-
vant for ¯ production while those for ¯ are determined by a 
ﬁt to the p¯p → ¯ observables. As documented in Refs. [30,32], 
the model achieved a fairly good overall description of the PS185 
data.
In the present study we use the ¯ potentials I, II, and III of 
Ref. [30] (cf. Table III) and K and QG from Ref. [32] (Table II). The 
models differ by variations in the employed parameterization of 
the N¯N annihilation potential and by differences in the p¯ p → ¯
transition mechanism. Total cross sections for p¯p → ¯ of the 
considered potentials agree with each other and with the exper-
iment up to plab ≈ 1700 MeV (corresponding to √s ≈ 2.32 GeV or 
an excess energy Q = √s − 2m of about 90 MeV). However, the 
spin-dependent observables are not always reproduced quantita-
tively. Still we believe that it is useful to employ all models in the 
present study because this allows us to shed light on the (unavoid-
able) model dependence of our predictions for the electromagnetic 
form factor of the  in the timelike region.
458 J. Haidenbauer, U.-G. Meißner / Physics Letters B 761 (2016) 456–461Fig. 1. Total cross section (left) and effective form factor |Geff| (right) for e+e− → ¯. Data are from the DM2 [19], BaBar [20], and BESIII [22] collaborations. Note that 
the latter data are still preliminary. The vertical lines indicate the ¯ and 	+	+ thresholds, respectively. The solid, dashed, and dash-dotted lines correspond to the ¯
models I, II, and II from Ref. [30], the dash-double-dotted and dotted lines to the models K and Q described in Ref. [32].4. Results and discussion
Results for the e+e− → ¯ cross section are depicted in Fig. 1
(left panel). The ¯ threshold is at 
√
s = 2.23138 GeV in our 
calculation. We normalized the various curves to yield the same 
value at the maximum (i.e. roughly 0.2 nb) so that one can eas-
ily compare the differences in the energy dependence. The overall 
normalization, corresponding to the value of the bare electromag-
netic form factors G0M and G
0
E , is actually the only free parame-
ter in our calculation, see Ref. [14]. Obviously, for all ¯ models 
the cross section rises rather sharply from the threshold and then 
remains practically constant for the next 100 MeV or so. This be-
havior is very well in line with the experimental information from 
the BaBar collaboration [20]. There are quantitative differences be-
tween the predictions of the different ¯ potentials considered 
but it is reassuring to see that, overall, the model dependence is 
fairly moderate.
Thus, it seems that despite of all the uncertainties in the dy-
namics reﬂected in the various considered ¯ models, the data 
on p¯p → ¯ put fairly tight constraints on the properties of the 
¯ interaction. However, equally or possibly even more important 
is presumably the fact that the ¯ FSI employed here incorporates 
some very essential features. First, it is generated by solving a scat-
tering equation and, therefore, properly unitarized, and secondly 
it includes effects from the presence of annihilation channels. We 
believe that most likely those features alone ﬁx already the qual-
itative behavior of the e+e− → ¯ near-threshold cross section. 
This conjecture is supported by the situation in the e+e− → p¯p
reaction. In this case the FSI is very different when it comes to de-
tails. For example, in the N¯N system there is a contribution from 
the important and long-ranged pion-exchange that creates a strong 
tensor force. In case of ¯ one pion exchange cannot contribute 
because of isospin symmetry. Still the near-threshold behavior of 
the e+e− → ¯ and e+e− → p¯p cross sections is rather similar, 
compare Fig. 1 here with Fig. 3 in Ref. [14] (cf. also Fig. 2 in [42]
for e+e− → n¯n). It is remarkable that even the presence of the 
Coulomb interaction in the p¯p case, usually accounted for in terms 
of the Sommerfeld–Gamov factor [14], has very little impact on the 
qualitative similarity, despite the fact that it changes the threshold 
behavior of the e+e− → p¯p reaction so that the cross section re-
mains ﬁnite even at the nominal threshold.
Fig. 1 contains also two new and still preliminary data points 
from the BESIII collaboration [22] (open squares). Those data 
suggest a very different trend for the energy dependence of 
σe+e−→¯ . Speciﬁcally, a large ﬁnite value for the cross section 
practically at the threshold is suggested. This cannot be repro-
duced by our calculation because the phase-space factor β (see 
Eq. (2)) enforces the cross section to go to zero linearly with the cms momentum k of the ¯ system. There is no Coulomb in-
teraction here that would change the threshold behavior. The only 
possibility could be a very narrow resonance sitting more or less 
directly at the threshold which would then allow to overrule the 
k behavior from the phase space alone. Including such a thresh-
old resonance in our ¯ potentials would, however, completely 
spoil the agreement with the p¯p → ¯ experiments. Anyway, one 
has to wait simply on the ﬁnal results of the BESIII measurement. 
Interestingly, initial data for p¯p → ¯ suggested that there could 
be a near threshold resonance in the 3 S1 ¯ state [43]. However, 
a later high-statistics measurement by Barnes et al. [27] ruled that 
out convincingly. This experiment scrutinized the 5 MeV sector ad-
jacent to the ¯ threshold with an unprecedented resolution of 
0.2 MeV.
For illustration purposes we show results up to the 	+	+
threshold (indicated by a vertical line). However, we expect that 
near that threshold e+e− → 	¯	 → ¯ two-step processes will 
become important, which are not included, and, therefore, our 
calculation is certainly no longer valid at those energies. In this 
context it is interesting to note that, indeed, the data suggest a cer-
tain drop in the e+e− → ¯ cross section right above the 	+	+
threshold, cf. Fig. 1 (left). In reality we would estimate the valid-
ity range of the predictions to about 100 MeV from the thresh-
old, i.e. up to 
√
s ≈ 2.32 GeV. This is the energy range where the 
p¯p → ¯ data are described by the potentials and it is also the 
range where we know from the e+e− → p¯p case that FSI effects 
are relevant and determine the energy dependence of the observ-
ables [14]. Over a larger energy region, the intrinsic energy and 
momentum dependence of the ¯ production mechanism itself 
should become more signiﬁcant or even dominant and then the 
present assumption that the bare electromagnetic form factors G0M
and G0E that enter our calculation are constant is not valid any-
more, see Eq. (10) of Ref. [14] for more details.
Predictions for the  effective form factor Geff are presented in 
the right panel of Fig. 1. Since that quantity differs from the cross 
section only by kinematical factors, see Eq. (3), it is not surprising 
that our results are again in line with the corresponding empiri-
cal information deduced from the experiments cross sections [20]. 
Once again one can see that the preliminary near-threshold data 
point from BESIII differs drastically from the general trend.
Results for the form factor ratio |GE/GM | and the relative phase 
between GE and GM are presented in Fig. 2. Clearly, those quan-
tities are much more model-dependent and speciﬁcally for the 
phase there are fairly large variations between the predictions 
from the ¯ potentials considered. The experimental results for 
|GE/GM | from Ref. [20] are also shown. The lower mass resolution 
of that quantity does not allow any more concrete conclusions. 
However, the trend that the ratio is somewhat larger than 1 for 
J. Haidenbauer, U.-G. Meißner / Physics Letters B 761 (2016) 456–461 459Fig. 2. The ratio |GE/GM | (left) and phase φ = arg(GE/GM ) (right) as a function of the total cms energy. Data are from Ref. [20]. For notation, see Fig. 1.
Fig. 3. Differential cross section (left) and polarization (right) for e+e− → ¯ at the excess energy Q = 90 MeV (√s = 2.32 GeV). For notation, see Fig. 1.
Fig. 4. Spin correlations parameters for e+e− → ¯ at the excess energy Q = 90 MeV (√s = 2.32 GeV). For notation, see Fig. 1.smaller energies and possibly smaller than 1 for larger energies is 
also suggested by most of the ¯ potentials. Let us also mention 
that the relative phase between GE and GM was determined to be 
in the range −0.76 < sinφ < 0.98 by the BaBar collaboration [20].
Finally, and in anticipation of pertinent results from the BESIII
collaboration [22,25], in Figs. 3 and 4 we present exemplary pre-dictions for the differential cross section and for polarization ob-
servables at an excess energy of 90 MeV. As discussed above, this 
energy might be alrighty close to the limit of validity of our cal-
culation. However, at higher energies there is a stronger model 
dependence and we believe that it is instructive to see how the 
resulting differences, already discussed in the context of the form 
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servables accessible in the experiment. A view on the sensitivity of 
speciﬁc observables to variations of the ¯ interaction, or equiv-
alently of GM and GE , could be quite helpful for planning future 
experiments.
Among the observables presented in Figs. 3 and 4 the po-
larization P exhibits the strongest variation with the employed 
¯ interaction. This is not surprising because P is proportional 
to Im(GM G∗E ), see [24], i.e. it depends strongly on the relative 
phase between GM and GE , and we have seen above that there 
are sizable differences in the prediction for this quantity. The spin-
correlation parameter Cxz is proportional to Re(GM G∗E) [24] and, 
therefore, reﬂects mainly variations in the ratio |GE/GM |. These 
variations are also visible in C yy which is sensitive to the differ-
ence |GM |2 − |GE |2.
Note that the sign of some polarization observables depends 
on the choice of the reference frame. As said in Sec. 2, we adopt 
here the formalism described in the Appendix of Ref. [32]. The 
spin-observables are calculated in the ¯ coordinate system, i.e. 
the direction of the ¯ is deﬁned as z direction. This agrees with 
the one employed in the PS185 experiment in the analysis of the 
p¯p → ¯ reaction [26]. The spin observables in Ref. [24] have 
partly opposite signs, in particular Ay = −P , Axx = −Cxx , and 
Azz = −Czz .
As already noted above, we believe that the similar proper-
ties of the near-threshold cross sections for e+e− → ¯ and 
e+e− → p¯p, consisting in a sharp rise and then a practically con-
stant behavior, can be understood in terms of FSI effects driven 
by qualitative aspects that are common to the ¯ and p¯p inter-
actions, like unitarity and the presence of annihilation processes. 
Available data for p¯p → 	¯0 and p¯p → 	¯0	0 from the BaBar 
collaboration [20] suggest likewise such a behavior. However, since 
the mass resolution of the data for those reactions is signiﬁcantly 
lower one cannot draw ﬁrm conclusions at the moment. There 
are data with comparable resolution (i.e. 20 MeV/c2) for the re-
action e+e− → ¯cc from the Belle collaboration [44]. Those data 
were analyzed by us in Ref. [45] and it was found that the in-
clusion of FSI effects (based on a ¯cc interaction derived from 
the ¯ interactions employed in the present study by invoking 
SU(4) ﬂavor-symmetry arguments [46]) improves the description 
of the data in the threshold region. On the other hand, in this re-
action the near-threshold invariant mass spectrum is dominated by 
the so-called X(4630) resonance and, therefore, exhibits a behav-
ior that clearly differs from the ones in the p¯ p and ¯ channels.
5. Summary
In the present paper we investigated the reaction e+e− → ¯
in the near-threshold region with speciﬁc emphasis on the role 
played by the interaction in the ﬁnal ¯ state. The calculation 
is based on the one-photon approximation for the elementary re-
action mechanism, but takes into account rigorously the effects 
of the ¯ interaction in close analogy to our work on e+e− →
p¯p [14]. For the ¯ interaction we utilized a variety of potentials 
that were constructed for the analysis of the reaction p¯p → ¯
about two decades ago [30,32]. Those potentials are basically of 
phenomenological nature but ﬁtted and constrained by the wealth 
of near-threshold data on p¯p → ¯ taken in the PS185 experi-
ment at LEAR [28].
The energy dependence of the near-threshold e+e− → ¯
cross section reported by the BaBar collaboration [20], which con-
sists in a sharp rise from the threshold and then a ﬂat behavior 
for the next 100 MeV or so, is well reproduced by our calculation 
based on the various ¯ potentials. Most likely, general features 
like that the employed FSI is generated by solving a scattering equation (and, therefore, properly unitarized) and that it includes 
effects from the presence of annihilation channels ﬁx the quali-
tative behavior of the e+e− → ¯ near-threshold cross section 
so that there is only a moderate model dependence. Indeed the 
situation is very similar to the one in the e+e− → p¯p reaction 
where the measured near-threshold cross section shows a compa-
rable behavior and where likewise FSI effects are able to account 
for this [14].
Preliminary results from the BESIII collaboration indicate a very 
much different energy dependence of the e+e− → ¯ cross sec-
tion [22]. If that behavior is conﬁrmed in the ﬁnal analysis it will 
be very diﬃcult to reconcile the e+e− results with our knowledge 
on the p¯p → ¯ reaction [28]. Note that the latter is also com-
pletely dominated by the 3S1 partial wave close to threshold [26,
30] and thus by exactly the same ¯ FSI. In any case, further data 
in the near-threshold region with better mass resolution would be 
very helpful to resolve this issue.
Finally, due to the self-analyzing character of the weak  decay 
the polarization as well as spin-correlation parameters for the re-
action e+e− → ¯ can be determined, in close analogy to what 
has been already achieved in the PS185 experiment for p¯p →
¯ [28]. We are looking forward to analyze such data within our 
formalism, once they become available, because they will certainly 
allow one to put much tighter constraints on the interaction in the 
¯ system.
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